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responsibility ofAbstract The cyclic deformation behavior of a near-eutectic Al–Si piston alloy with a variety of
alloying elements is investigated. Due to the distinctive microstructure, the alloy exhibited various
cyclic deformation characteristics at different temperatures. Unique double-stage cyclic hardening
occurred at room temperature, while the ﬁrst hardening was mainly caused by the interaction
between the dislocations and the ﬁnely dispersive precipitates, and the dislocation/dislocation
interaction resulted in the second hardening. At elevated temperatures (200 1C and 350 1C), the
alloy mainly presented cyclic softening because of the fact that the thermally activated dislocations
could bypass or shear the obstructive precipitates.
& 2012 Chinese Materials Research Society. Production and hosting by Elsevier Ltd. All rights reserved.esearch Society. Production and ho
.002
86418649;
m (W. Cai).
Chinese Materials Research1. Introduction
Near-eutectic Al–Si casting alloys have been widely used as
piston materials in light vehicle engines because of their
excellent mechanical properties [1,2]. To ensure adequate high
temperature mechanical performance, alloying elements such as
Cu, Ni, Mg etc. are traditionally added to strengthen the piston
alloys with formation of numerous precipitates [3,4]. Precipita-
tion strengthening is an important method for improving the
mechanical properties of aluminum alloys. The cyclic defor-
mation behavior of these precipitation-strengthened aluminum
alloys is expected to correlate with the nature and stability ofsting by Elsevier Ltd. All rights reserved.
Table 1 Chemical composition of the Al–Si piston alloy (wt%).
Si Cu Ni Mg Fe Mn Zn Ti Al
10.5–13.0 4.0–6.0 1.75–3.5 0.2–1.2 r0.6 r0.5 r0.3 r0.2 Bal.
G. Zhang et al.446the strengthening mechanism [5,6]. Precipitate shearing results
in loss of strength and promotes strain localization of the
plastic deformation due to planar motion of dislocations in
speciﬁc slip bands [7–10]. That is, shearable precipitates lead to
cyclic softening followed by hardening at large number of
cycles, while non-shearable precipitates result in only cyclic
hardening to failure [11–18].
It is well known that modern Al–Si piston alloys strength-
ened by Cu, Ni, Mg and several other elements possess hard
silicon particles and a large number of intermetallic phases
embedded in an aluminum matrix. So far, some limited work
about the low cycle fatigue (LCF) behavior of this kind of alloy
has been reported. In this paper, Al–Si alloy specimens taken
directly from the as-cast piston were cyclically deformed and
microstructurally characterized for LCF investigation to supply
exact information for future piston development. The investi-
gated alloy exhibited unique cyclic deformation behavior at
different temperatures compared with the results reported in
previous papers [19].Fig. 1 (a) Low-magniﬁcation optical image showing the micro-
structure of the investigated Al–Si piston alloy; (b) back scattered
electronic image showing the various intermetallic phases.2. Experimental procedures
The piston was cast at a temperature range from 790 1C to
810 1C and then aged at 230 1C for 7 h. The composition of the
Al–Si piston alloy is given in Table 1, which indicates that the
alloy contains higher additions of Cu, Ni and Mg compared
with other common piston alloys. In order to ensure the
representative microstructures, all samples (whether for micro-
structural investigation or tensile, fatigue testing) were extracted
directly from the crown of as-cast pistons and soaked at 350 1C
for 100 h before analysis to simulate the practical effect of long-
term high temperature service in an engine.
Tensile and low cycle fatigue tests of the specimens were
performed with a gage length of 45 mm and a diameter of
5 mm, using an Instron 8801 servo-hydraulic machine
equipped with a furnace to ensure the elevated temperatures
(200 1C and 350 1C). The strain rate for tensile tests was
5 103 s1. The LCF tests were conducted at a total strain
amplitude ranging from 0.35% to 0.55%, a constant cyclic
frequency of 0.5 Hz, and a stress ratio R¼1.
Microstructural characterization was performed in an opti-
cal microscope and a scanning electron microscope (SEM,
JSM 6610LV). A transmission electron microscope (TEM,
JEOL 2010) was also used to examine the critical microstruc-
tural features.3. Results
3.1. Material characterization
Fig. 1(a) shows a typical microstructure observed in a metallo-
graphic specimen, consisting of a-Al matrix, primary Si parti-
cles, eutectic Si particles and intermetallics. The primary Si had ablocky appearance, while both eutectic Si and intermetallics had
a semblable ﬂaky appearance. As a general method [20], phase
compositions were analyzed by using a scanning electron
microscope (SEM) equipped with an energy dispersive X-ray
spectroscopy (EDS). In this alloy Al9NiFe, Al7Cu4Ni, Al3CuNi
and Al5Cu2Mg8Si6 phases were identiﬁed as shown in Fig. 1(b).3.2. Tensile testing
Fig. 2 shows the tensile stress–strain curves of the piston
alloy with a strain rate of 5 103 s1 at three temperatures.
An increase in temperature (200 1C and 350 1C) caused a
large increase in elongation, and a sharp reduction in yield
strength (YS) as well as ultimate tensile strength (UTS). It is
Fig. 2 Typical stress–strain curves for the Al–Si piston alloy at
different temperatures with a strain rate of 5 103 s1.
Fig. 3 Cyclic deformation behavior of the Al–Si piston alloy at ro
(a) cyclic stress response curves; (b) variation of plastic strain amplitu
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temperature.3.3. Cyclic deformation behavior at room temperature
Fig. 3(a) shows the evolution of cyclic stress amplitude as a
function of the number of cycles at different total strain
amplitudes at room temperature. The alloy exhibited a two-
stage cyclic hardening behavior with fatigue cycling. In the
ﬁrst 20 cycles, the alloy presented a typical cyclic hardening
behavior. Then the stress response curve proceeded into a
steady stage. The second cyclic hardening started approxi-
mately from the 200th cycle until ﬁnal fracture. The plastic
strain amplitude as a function of the number of cycles is
shown in Fig. 3(b). Obviously, the plastic strain amplitude
decreased rapidly when the cyclic hardening occurred for both
the ﬁrst and the second hardening stages.om temperature with total strain ranges from 0.35% to 0.55%:
de.
Fig. 4 Cyclic stress response curves of the Al–Si piston alloy at elevated temperatures: (a) 200 1C, and (b) 350 1C, with total strain ranges
from 0.35% to 0.55%.
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At the test temperature of 200 1C, the alloy exhibited a different
cyclic deformation behavior from that at room temperature, as
shown in Fig. 4(a). Although the alloy presented cyclic hard-
ening, the hardening stage was shortened to the initial ten
cycles. Furthermore, the second cyclic hardening stage occurred
at room temperature was absent. From the 10th cycle to the
200th cycle, the cyclic stress response curves revealed an
apparent cyclic softening behavior.
At 350 1C, the cyclic deformation behavior exhibited a
complete cyclic softening feature during the whole fatigue
testing, as shown in Fig. 4(b). The stress amplitude decreased
with increasing number of fatigue cycles, and the fatigue life
was reduced with increasing total strain range.3.5. Fractography at different temperatures
Fig. 5(a) shows the fractograph of the fatigue crack propaga-
tion characteristic on the fracture surface of the Al–Si piston
alloy after fatigue test at room temperature. Fractured silicon
particles (marked with white arrow) and quasi-cleavage facets
(marked with black arrow) were observed on the fracture
surface. The mountain-ridge-like ‘‘white’’ zone encircled by
the dashed line was mainly composed of broken intermetallics
mixed with few Al–Si eutectics. These fracture characteristics
indicated that the alloy exhibited a brittle quasi-cleavage mode
at room temperature. At elevated temperatures, however,
ductile fracture manner with dimple-like characteristics was
responsible for the main appearance of the fatigue fracture
surfaces (as shown in Fig. 5(b) and (c)).
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Precipitation strengthening is an important method to improve
the mechanical properties of aluminum alloys. The cyclic
deformation behavior of these precipitation-strengthened alu-
minum alloys is expected to correlate with the nature and
stability of this strengthening effect [5,6]. In this paper, theFig. 5 SEM fractographs showing the evolution of fatigue
fracture appearance at different temperatures: (a) RT, (b) 200 1C,
and (c) 350 1C.Al–Si piston alloy was heavily strengthened by a large number
of ﬁne precipitates which were formed by the addition of Cu,
Ni, Mg and several other elements. As shown in Fig. 6, there
were a lot of plate-like precipitates (Al2Cu) with a length of
100–200 nm and a thickness of 10–20 nm along the {100}
planes in the alloy.
The Al–Si piston alloy exhibited three stages of cyclic
deformation during the fatigue loading at both room tem-
perature and 200 1C, whereas it presented a monotonous cyclic
deformation behavior at 350 1C, as comparatively described in
Fig. 7. Dislocations were generally introduced at the initialFig. 6 TEM images showing microstructural evolution of
the alloy at room temperature: (a) undeformed microstructure,
(b) after 20 cycles (ﬁrst cyclic hardening stage) and (c) after 20,000
cycles (second cyclic hardening stage).
Fig. 7 Stress amplitude versus the number of cycles during cyclic deformation of the alloy at room temperature and elevated
temperatures (200 1C and 350 1C), the total strain range is 0.40%.
G. Zhang et al.450stage of cyclic deformation (stage I), as shown in Fig. 6(a) and
(b). The microstructural characteristic in Fig. 6(b) indicates
the interaction between the deformation-generated disloca-
tions and the existing precipitates after ten cycles of fatigue
loading. At this time, the alloy has a relatively low density of
dislocations, and the ﬁne precipitates act as obstacles to
dislocation movement. Therefore, the interaction between
the dislocations and precipitates resulted in appearance of
the ﬁrst cyclic hardening stage (RT and 200 1C, stage I).
At the stage II, more and more dislocations were blocked
by the precipitates, and the multiplication and pile-up of
dislocations were responsible for the accumulated strain in this
process. At room temperature, the dislocations are difﬁcult to
bypass or shear the obstructive precipitates without a con-
siderable external force. There exists a ﬁxed forward and
backward movement for some mobile dislocations at this stage
(RT, stage II). However, the dislocation motion is a thermally
activated process at elevated temperatures. Dislocations had
enough energy to bypass or shear the precipitates, leading to
the cyclic softening effect (200 1C and 350 1C, stage II).
Appearance of the second cyclic hardening behavior (RT, stage
III) is unique to the present Al–Si piston alloy, which cannot be
simply explained on the basis of precipitation strengthening.
In most aluminum alloys, cyclic softening occurs due to the
shearable particles and localization of irreversible plastic strain
within the slip bands [5,7]. In the present Al–Si alloy, there are a
great number of intermetallic particles coupled with plate-like Si
particles. The test for the typical hypoeutectic, eutectic and
hypereutectic binary Al–Si alloys shows that these alloys exhibit
single cyclic softening [12]. Therefore, the double-stage hardening
in the present Al–Si piston alloy cannot be simply ascribed to the
existence of Si particles in its microstructure. As stated above,
there exist a large number of alloying elements in the piston alloy,
which promote the formation of massive intermetallic particles in
the eutectic. These intermetallic particles coupled with the existing
Si particles, separate the aluminum matrix into a large number of
tiny domains (as shown in Fig. 1, and the Si phase almost mergeswith the background in the back scattered electron mode in
SEM). During cyclic deformation, the dislocation movement is
limited in the tiny domains of the aluminum matrix (Fig. 6(c)).
The slip band or strain localization does not appear in the
separated aluminum matrix due to the effective hindering of the
surrounding particles. At this stage, more and more mobile
dislocations get tangled together or are blocked effectively by
the intermetallics. That is to say, the dislocation/dislocation
interaction dominates the second cyclic hardening effect.5. Conclusions(1) At room temperature, the alloy exhibited unique double-
stage cyclic hardening behavior. The ﬁrst hardening stage
was related to the interactions between the dislocations
and the ﬁnely dispersive precipitates, and the dislocation/
dislocation interactions were mainly responsible for the
second hardening.(2) At elevated temperatures (200 1C and 350 1C), the cyclic
deformation behavior of the alloy mainly presented cyclic
softening effect except the initial hardening behavior
(about 10 cycles) at 200 1C. The dislocation motion was
thermally activated to bypass or shear the precipitates,
leading to the cyclic softening effect.Acknowledgments
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